Polyclonal antisera directed against epltopes in the cytoplasmic domain of rat connexin43, the predominant cardiac gap junction protein, were used to delineate immunohistochemically the distribution of gap junctions in sections of canine left ventricle. Antigen-antibody binding and tissue structure were preserved after paraformaldehyde fixation and paraffin embedment of canine myocardium. Specific binding of antibody to the cytoplasmic surfaces of uitrastructurally identified gap junctions was confirmed with electron microscopy. Light microscopic morphometric analysis of immunostained sections in five separate experiments revealed a mean gap junction surface density of 0.0052 fimV/Jun 3 myocyte volume, which is consistent with previously reported values determined by use of quantitative electron microscopy. This new method permits quantitative determinations of gap junction surface density and distribution in relatively large heterogeneous areas of myocardium in which ultrastructural morphometry would be impractical. This approach should facilitate analysis of the relation between potential alterations in electrical coupling of myocytes and abnormalities of myocardial conduction occurring at the macroscopic scale in regions such as structurally heterogeneous infarct border zones. {Circulation Research 1989;65:1450-1457)
C urrent transfer between cardiac myocytes occurs at gap junctions. 1 Gap junction structure and distribution appear to be important determinants of normal and abnormal myocardial conduction. 2 -6 Electrophysiological studies using activation mapping have localized regions of slow heterogeneous conduction to zones bordering healed myocardial infarcts. 7 -8 The pathogenesis of slow conduction, critical to the development and maintenance of reentrant arrhythmias, appears related in part to decreased intercellular coupling as well as altered active membrane properties of individual cardiac myocytes. 8 > 9 Accordingly, detailed analysis of patterns of current spread and structural connec-tions at the cellular level will likely provide insights into mechanisms of arrhythmias. 10 Because gap junctions are subcellular structures, morphometric analysis requires electron microscopy, which severely limits the amount of tissue that can be studied quantitatively. Problems associated with the limited sample size that can practically be analyzed ultrastructurally are likely to be compounded in structurally heterogeneous regions such as those bordering healed infarcts. In the present study, we used polyclonal antisera directed against connexin43, the predominant cardiac gap junction protein, to delineate the distribution of myocardial gap junctions at the light microscopic level. This approach provides quantitative information about intercellular connections in relatively large regions of myocardium comparable in size to areas that may be studied by extracellular mapping.
Materials and Methods Gap Junction Antibody Preparation
Polyclonal antisera were produced and characterized in the laboratory of Dr. Daniel A. Goodenough as described. 11 Rabbits were immunized with synthetic oligopeptides conjugated to keyhole limpet hemocyanin and containing residues 252-271 of rat heart connexin43. 12 This portion of the molecule is inferred to be a part of the cytoplasmic domain of the cardiac gap junction channel based on hydropathicity plots of amino acid sequences derived from complementary DNA clones as well as proteolysis and epitope mapping studies. 11 -12 This region of connexin43 exhibits little sequence homology with the putative cytoplasmic portion of rat connexin32, the predominant liver gap junction protein. 12 Whole serum preparations of the polyclonal antisera were used in all immunostaining procedures.
Tissue Preparation and Processing for Immunostaining
Gap junctions were delineated immunochemically at the light and electron microscopic levels in disaggregated canine cardiac myocytes, and intact canine left ventricular myocardium that was sectioned in a plane parallel to the epicardium. Disaggregated adult canine myocytes were prepared according to the method of Heathers et al. 13 Disaggregated cells were treated with immunostaining and histological processing reagents by resuspending cell pellets in the appropriate reagent followed by centrifugation and removal of the supernate. Immunostaining of intact myocardium was performed in patches of canine myocardium approximately l x l x0.2 cm in size that were dissected from left ventricular subepicardial regions after excision of hearts from anesthetized animals as described previously. 14 Preliminary studies were performed to identify tissue fixation and processing methods that would optimally preserve both tissue structure and specific antibody binding. Results of these preliminary studies were compared with results of immunostaining of frozen, unfixed sections of canine left ventricular myocardium in which antigen-antibody binding was considered to be maximal. Tissue fixatives that were analyzed included 0.5%, 1.0%, and 2.0% paraformaldehyde; 0.5% and 1.0% glutaraldehyde; 2.0% glutaraldehyde plus 1.0% paraformaldehyde; formalin-ammonium bromide (10% formaldehyde and 2% ammonium bromide in water with calcium carbonate to excess); 10% formalin; and 95% ethanol. All fixatives were prepared in phosphatebuffered saline (except 95% ethanol, 10% formalin, and formalin-ammonium bromide in which distilled water was the diluent). In preliminary studies to determine optimal fixation conditions, cells and tissues were fixed for 1-4 hours and then frozen for cryosectioning. Thereafter, the effects of alternate fixative-buffer conditions and subsequent conventional tissue processing (ethanol dehydration and paraffin embedment) for light microscopy were assessed.
Immunoelectron microscopy was used to determine whether antibody binding occurred exclusively at cardiac gap junctions identified ultrastructurally. Freshly disaggregated canine myocytes were fixed by use of procedures delineated above, immunostained, and, thereafter, fixed and processed conventionally for electron microscopy. After immu-nostaining, cells were fixed in modified Karnovsky's fixative (2.0% glutaraldehyde and 1.0% paraformaldehyde in 0.08 M sodium cacodylate buffer containing 2 mM calcium chloride, pH 7.4) for 30 minutes, rinsed three times with 0.1 M sodium cacodylate buffer (pH 7.4), and postfixed for 15 minutes with 0.5% osmium tetroxide. Osmicated cell pellets were dehydrated in ethanol and embedded in Spurr's resin (Polysciences, Warrington, Pennsylvania). Freshly dissected canine left ventricular subepicardium used in electron microscopic studies was fixed initially by methods determined in preliminary experiments to provide optimal preservation of cell structure as well as antibody binding. To enhance access of antibody to epitopes on the cytoplasmic surfaces of cardiac gap junctions, Triton X-100 was added to the fixative solution to achieve a final concentration of 5%, and the fixed tissue was minced with a Mcllwain tissue chopper (Mickle Laboratory Engineering, Mill Works, Great Britain). The minced, fixed tissue was placed in microcentrifuge tubes, frozen and thawed three times, and then washed repeatedly with phosphate-buffered saline before being immunostained. After immunostaining (described below), minced tissue was fixed in modified Karnovsky's fixative, postfixed in osmium tetroxide, dehydrated in ethanol, and embedded in Spurr's resin as described above for single cells. Ultrathin sections were collected on 200-mesh copper grids, poststained with uranyl acetate and lead citrate, and examined at 60 keV with a Philips EM-200 electron microscope (Philips Electronic Instruments, Mahwah, New Jersey).
Immunostaining Procedures
Disaggregated cell suspensions or frozen tissue sections were washed four times in phosphatebuffered saline at room temperature. Paraffinembedded sections were first deparaffinized with xylene, rehydrated through a series of decreasingly concentrated ethanol solutions, rinsed in distilled water, and then rinsed four times in phosphatebuffered saline. After being rinsed in phosphatebuffered saline, cell pellets or slide-mounted tissue sections were incubated for 1 hour with a blocking solution composed of 5.0% goat serum, 0.2% Triton, 1.0 mg/ml bovine serum albumin, and 1.0 mg/ml sodium azide in phosphate-buffered saline, pH 7.2. After two washes with phosphate-buffered saline, cells or tissue sections were incubated for 90 minutes at room temperature with rabbit antisera diluted 100 -fold with phosphate-buffered saline containing 1.0 mg/ml bovine serum albumin and 1.0 mg/ml sodium azide, pH 7.2. After five washes with phosphate-buffered saline, cells or sections were incubated for 40-60 minutes at room temperature with goat anti-rabbit immunoglobulin G conjugated to 5 nm gold particles (Auroprobe LM GAR, Janssen Life Sciences Products, Piscataway, New Jersey) and diluted 40-fold with phosphate-buffered saline containing 1.0 mg/ml bovine serum albumin and 1.0 mg/ml sodium azide, pH 7.2. Cells or tissue sections were rinsed three times in phosphatebuffered saline and five times in distilled water. Suspensions of immunostained disaggregated myocytes were spread on glass slides and heat-fixed. Gold-conjugated secondary antibody was detected light microscopically with a silver enhancement method that greatly intensifies the gold signal. Slidemounted cell suspensions or tissue sections were incubated with IntenSE II silver enhancement solution (Janssen Life Science Products) for 5-10 minutes; the solution was washed off with distilled water, and fresh solution was applied for another 5-10 minute interval. Intervals of silver enhancement were repeated for 15-40 minutes until the desired signal development was obtained, as assessed by microscopic examination. Cells and tissue sections were counterstained with methyl green, coverslipped, and examined with light microscopy.
Immunostaining for electron microscopy was accomplished by methods identical to those used for light microscopy except that the rabbit antiserum was diluted 50-fold with phosphate-buffered saline containing 1.0 mg/ml bovine serum albumin and 1.0 mg/ml sodium azide, pH 7.2. Protein A conjugated to 5 nm gold particles (Auroprobe EM protein A G5, Janssen Life Science Products) was used for secondary detection. Cells or tissues were incubated for 60 minutes with gold-conjugated protein A diluted fourfold with phosphate-buffered saline containing 1.0 mg/ml bovine serum albumin and 1.0 mg/ml sodium azide, pH 7.2. Silver enhancement was not required. After three rinses with phosphate-buffered saline, tissues were fixed and processed for electron microscopy as described above.
Nonspecific binding of pofyclonal antisera was assessed in both light and electron microscopic preparations by incubating cells or tissue samples in phosphate-buffered saline containing 1.0 mg/ml bovine serum albumin and 1.0 mg/ml sodium azide, pH 7.2, in the absence of primary antisera or in the presence of a 50-fold or 100-fold dilution of nonimmune rabbit serum. All other steps in the immunostaining protocol were identical to those described above.
Light Microscopic Morphometry of Gap Junction Distributions
To assess the reproducibility of quantitative assessment of gap junction distributions, morphometric analysis was performed in para form aldehyde-frxed paraffin-embedded tissue sections obtained from five separate animals and immunostained in separate preparations. Ten randomly selected microscopic fields (test areas) were photographed from a single tissue section in each experiment. Each test area encompassed approximately 550 ftmx350 ^m of section area and included 30-50 cardiac myocytes-and -hundreds of individual gap ^juffctiorts. A representative test area is shown in Figure 1 micrograph was covered with transparent plastic overlays, and the areas corresponding to immunostained gap junctions as well as vascular and interstitial spaces were traced on individual overlays. A representative gap junction overlay is shown in Figure 1 . The relative areas occupied by gap junctions and myocytes in each test area were determined by projecting each plastic overlay onto a video monitor, digitizing the entire image (45,600 pixels), and scanning the digitized image with a microdensitometer to determine the number of total pixels occupied by gap junctions and myoCytes. The relative areas of junctions and myocytes in sets of 10 test areas from each of five indegendently stained t i ssue blocks from five separate animals were compared with a nested analysis of variance (ANOVA) using the-SAS general linear-models procedure. 15 
Results

Determination of Optimal Tissue Preparation for Immunostaining
Fixation of disaggregated canine myocytes and intact canine left ventricular subepicardium with 0.5%, 1.0%, or 2.0% paraformaldehyde in phosphatebuffered saline for 1-4 hours before immunostaining resulted in excellent antigen-antibody binding as well as good preservation of tissue structure assessed in frozen sections. Fixation with glutaraldehyde alone or in combination with paraformaldehyde before immunostaining caused marked reduction in specific antibody binding. Similarly, tissue fixation with 10% formalin, 95% ethanol, or formalinammonium bromide resulted in loss of specific binding and an increase in the amount of nonspecific binding. The quality of specific binding and the relative proportions of specific and nonspecific binding were enhanced further with fixation with paraformaldehyde in 0.1 M sodium cacodylate buffer containing 2 mM calcium chloride (pH 7.4). In addition, conventional histological processing of paraformaldehyde-fixed tissues with ethanol dehydration and paraffin embedment provided sections that were superior in quality to those obtained with cryosectioning without affecting specific antibody binding. Thus, all quantitative morphometric analyses of gap junction distributions were performed in tissues fixed for 4 hours at room temperature with 1% paraformaldehyde in 0.1 M sodium cacodylate buffer and 2 mM calcium chloride (pH 7.4) followed by conventional histological processing for light microscopy.
Light microscopic examination of specific antibody binding in disaggregated canine myocytes and sections of canine left ventricular subepicardium ( Figure 2 ) revealed a pattern of staining that conformed precisely to the distribution of intercellular gap junctions predicted on the basis of previous ultrastructural analysis of the three-dimensional structure and distribution of gap junctions. 14 Nonspecific binding, assessed in isolated cells and sections incubated in the absence of primary antibody or with nonimmune serum, was virtually absent. Moreover, paraformaldehyde fixation and conventional tissue processing for light microscopy resulted in excellent preservation of cell structure and tissue architecture compared with frozen sections.
The subcellular distribution of specific binding sites was delineated with immunoelectron microscopy. As shown in Figure 3 , antibody binding was confined exclusively to the cytoplasmic surfaces of gap junctions identified ultrastructurally in disaggregated canine myocytes or minced left ventricular myocardium. Nonspecific binding of antibody was virtually absent.
In disaggregated cells, antibody binding was observed almost exclusively along the cytoplasmic surfaces of remnants of gap junctions derived from adjacent donor cells destroyed during tissue disaggregation. 16 ' 17 The cytoplasmic surfaces of gap junctions of intact isolated cells were apparently not accessible to the immunostaining reagents. In minced fragments of left ventricular myocardium, however, access to the cytoplasmic surfaces of gap junctions was apparently enhanced by subjecting the tissue to Triton and freeze-thaw cycles.
Quantitative Analysis of Myocardial Gap Junction Distributions
Results of morphometric analysis of the density of gap junctions in randomly selected microscopic fields from five independently immunostained preparations are shown in Table 1 . The percentage of total myocyte area occupied by gap junctions was 1.66±0.61%. The percentage of total section area occupied by cardiac myocytes was 90.2±5.3%. Although the range of mean gap junction area values determined morphometrically was relatively modest (1.07-2.23%), statistically significant differences were apparent among the five separate experiments.
Values of gap junction surface area per unit myocyte volume (/un 2 //un 3 ) were calculated from measurements of gap junction surface area per unit myocyte area by multiplying myocyte area measurements by section thickness (5 ^m) to obtain values of myocyte volume. Gap junction surface density values are shown in Table 1 . Nested ANOVA (with one level of nesting derived from analysis of 10 test areas from single sections of five independently stained sections from separate hearts) revealed that 58% of the variation was attributable to differences between preparations and that 42% was due to differences among test areas from the same tissue section.
Discussion
Results of this study show that polyclonal sera directed against epitopes likely to reside ; cytoplasmic domain of the rat cardiac gap jun protein connexin43 are capable of cross-res with determinants of canine myocardial gap tions in paraformaldehyde-fixed paraffin-embe sections of left ventricular myocardium. The t lent quality of the immunostained preparai confirmed with immunoelectron microscopy t( resent virtually exclusive binding of antibo< ultrastructurally recognized gap junctions, pe light microscopic analysis of the distribution c junctions that connect individual cardiac myoc The cytoplasmic domain of the cardiac gap jun has been reported to be sensitive to prote( during preparation of isolated gap junctions. 1 1 ever, immediate fixation of tissue with parafo dehyde likely inhibited degradation of epitop the cytoplasmic domain of the protein.
Heretofore, rigorous quantitative analysis c distribution of myocardial gap junctions req electron microscopy that markedly limitec amount of tissue that could be studied. Quantii electron microscopic analysis of intercellular nections in tissues such as myocardial regions dering healed infarcts would be impractical d the extensive sampling required to correlate s tural changes and electrophysiological der, ments. Accordingly, the methods developed i present study would appear to be particularly suited to quantitative analysis of gap junctior tributions in relatively large, structurally hete neous regions of myocardium.
Quantitative light microscopic morphomeb canine ventricular subepicardium revealed a gap tion surface density of 0.0033±0.0010 yxm2/ĉ yte volume. This value underestimates the tru( face density of gap junctions because of the orieni of gap junctions in the 5-yum thick sections. Ap imately 80% of gap junctional area is contain ribbon-shaped gap junctions whose long axe; oriented perpendicularly to the myocyte long axil would appear reasonable to assume that such ril shaped gap junctions may be oriented with i probability at any angle from 0°-90° relative t < section plane. If it is assumed further that the sured area of a gap junction varied from 0% to of its actual area when its long axis was oriented 90° (perpendicular) to 0° (parallel) to the section p respectively, then the total measured gap jun area would be equivalent to £ cos 6(9= angle bet long axis of gap junction and section plane) or ap] imately 64% of the actual gap junction area. Ao ingly, correction of the measured gap junction su density, 0.0033 /um 2 //im 3 , to account for underes tion due to spatial orientation yields a value of 0 fixa^/lim 3 . This value is in good agreement wit! range of values reported in ultrastructural anarys rabbit papillary muscle and ventricular myocar cally significant differences were apparent between the mean gap junction surface density measurements made in five separate immunostained preparations. Nested ANOVA indicated that 58% of the variation was due to differences between experiments. Most of this discrepancy is likely due to differences in signal development during silver intensification of the gold-labeled secondary antibody. Attempts to quantify immunohistochemical signals are typically plagued by the complex nonlinear relation between the amount of antibody bound to a specific epitope and the intensity of secondary detection signals. 21 Variability attributable to signal development occurs largely between rather than within preparations. Thus, it can be minimized by analyzing paired specimens of control and experimental tissues mounted and immunostained on the same slides. The 42% of variation due to differences among test areas from a single tissue section may reflect true biological variation. The extent of variation observed is approximately equivalent to that reported with electron microscopic morphometry, which is considered to be the "gold standard" and previously was the only method by which gap junction surface density could be measured.
In conclusion, we have developed and validated a new method for quantitative light microscopic analysis of the distribution of myocardial gap junctions. This approach holds considerable promise in studies designed to delineate structural determinants of abnormal conduction that may contribute to the initiation and/or maintenance of reentrant ventricular tachycardia.
